The Sidoarjo mudflow in East Java, Indonesia, has been erupting since May 29 th , 2006. The eruption has been known as the Lusi (lumpur Sidoarjo), which was previously considered as a remote seismic event consequence, but current geyser-like activities show an association with a geothermal phenomenon. A method of characterizing rare earth elements (REE) is commonly an effective tool for recognizing a geothermal system, and here it is adapted to particularly indicate the environmental origin of the Lusi mud. Results show that the Lusi hot mud is made of a porous smectite structure of a shale rock type, which becomes an ideal tank for trapping the REE, especially the light REE. Volcanic activities seem to be an important influence in the eruption; however, since there is a lack of significant isotopic evidences in the mobilization of the REE during the eruption, the chloride neutral pH water of the Lusi may hardly contain the REE. The moderate Ce and Eu anomalies found in the REE patterns of the mud strongly indicate a sea-floor basin as the most probable environment for the REE fractionation during the sedimentary rock formation, in which the weathering processes of volcanic rock origin enriched the Lusi shale with the REE.
Introduction
A hot mud eruption has been occurring in the Porong area of Sidoarjo, East Java, Indonesia since May 29 th , 2006.
The eruption is well known as the Lusi (lumpur Sidoarjo) mud volcano. In the early stage of the eruption, scientists disputed over the initiation of the eruption whether it was caused by seismic events [1] [2] [3] [4] , or by underground blowouts [5] [6] [7] .
The domination of steam in the current eruption shows, however, a geothermal phenomenon, as the most significantly visible characteristic of the eruption is constant high temperature ( Figure 1 ). The previous temperature was about 100 ∘ C measured on mud around the crater [1] , and it is still over 60 ∘ C in the current eruption.
The changes in temperature could be due to the changes in the mud proportion of clay-water from 60:40% [1, 8] to the current proportion of 30-70% [9] . This could be the case of changing the eruption behavior from sticky hot mudflow to steam eruption. In geological terms, mud volcano is usually considered as a geothermal manifestation caused by geothermal driving forces [10] . In characterizing a geothermal system, a method to use rare earth elements (REE) mobilized within waters is commonly applied as a reliable tool [11] . This is the reason that the method may, therefore, have a merit to be adapted here in characterizing the REE of the Lusi mud.
Rare earth elements are fourteen metals of atomic numbers from 57 (La) to 71 (Lu). Two of these elements, Ce and Eu, often have anomalous behavior indicating the environment of the element sources. The Ce element occurs in oxidation, and the Eu element occurs in a stable chemical form [11] . In general, the REE provide information regarding thermodynamic conditions, which govern the water-rock interaction process. Rare earth elements are commonly immobile during this process, but when the condition changes into hydrothermal and metasomatic processes, the elements become mobile [12] . In the case of the Lusi eruption, water may come from a very deep source, possibly >3,000 m [5] , and it may also pass through the nearness of the volcanic arc [1] , or a hot igneous rock [13] . The heated water is then adsorbed within pressurized mud materials at the depths of 900-1,871 m, which results in hot solution gel to erupt at the surface [1] .
The mud is composed of shales of the Pleistocene Upper Kalibeng Formation deposited within a very deep volcano-sedimentary environment [3, 4] . This type of rock is ideally enriched with rare earth elements that fractionate during weathering of sedimentary rocks [14] . This is the scenario explored in this paper in conjunction with the geothermal eruption scenario [10] .
Geological setting
The geology of the Porong area, where the Lusi located, is made of three rock types: sandstone, mudstone and siltstone. These volcanic marine materials were deposited within the period of Plio-Pleistocene to Pleistocene [4] . According to the Banjarpanji-1 drilling hole [1, 4] , the rocks form a very thick stratigraphy of over 2800 m. Then, Mazzini et al. [1] divided the stratigraphy into three intervals. The first interval (<900 m) comprises Pleistocene siltstone of littoral to inner shelf sediments; the second interval (900-1871 m) comprises Pleistocene mudstone of inner to outer shelf sediments; the third interval (1871-2833 m) comprises Pleistocene coarse sandstone of turbidity sediments.
In connection with the geological setting of the Java Island, particularly Central and East Java, the Lusi is not the solely mud volcano, since a number of paleo-mud volca- Figure 2: A number mud volcanoes are located in the Kendeng Depression Zone, setting up from Sangiran in Central Java to Probolinggo in East Java. Paleo-mud volcanoes typically formed domes in Sangiran and Bludug Kuwu in Central Java; while Gunung Anyar, Kalang Anyar, Gunung Gangsir, Gunung Grati, and Gunung Bentar in East Java. As well as, the currently active mudflow in Sidoarjo (Lusi) has already been constructing a dome of a height of 11 m and an area of 642 Ha.
noes located in the region [3, 4] . Along the region, there is a depression zone called the Kendeng zone, located from Sangiran in Central Java to Probolinggo in East Java (Figure 2) . Within the zone, the geological structures of fault and fold are commonplace, and one of these structures is the Ngelam-Watudakon fold that cuts through the Lusi mud volcano in Sidoarjo [15] . This could be understandable that such structures may result in the formation of mud volcanoes, as the case of the Lusi [3, 16] .
Interestingly, the Kendeng depression zone is located at the back of the volcanic zone, where a chain of volcanoes from the Mt. Sindoro in Central Java to the Mt. Raung in East Java can be found. The Lusi mud volcano is just located at the back of the Mt. Arjuno and Mt. Welirang volcanoes. With only 20 km distance from the Arjuno-Welirang geothermal complex, the Lusi mud volcano can have a correlation with the complex [10] , although, it may not necessarily be a direct correlation.
Since occupying the same Kendeng Zone, the Lusi mud volcano may share similar rock characteristics with other mud volcanoes. The Bludug Kuwu ancient mud volcano in Purwodadi, Central Java, is still erupting hot mud mixed with rock grains. The mud temperature is about 50 ∘ C. Besides mud temperature, the Lusi may also share typical pyroclastic and fine rocks materials, including mudstone, siltstone, and sandstone. Mudstone and sandstone found within the rocks at the Gunung Bentar paleo-mud volcano dome in Situbondo show sedimentary structures, possibly incorporated into turbidity structures [1] , indicating paleo-sedimentation activities in deep marine environment. Foraminifera index plankton (e.g. Globorotalia miocenica) found within the rocks indicated Early Pliocene in age, similar with that of the Upper Kalibeng Formation of the Lusi [4] . Based on benthonic foraminifera (e.g. Virgulina rotundata), the sedimentary rock should be deposited at the probable depths of 819-1128 m. Basaltic breccia of pyroclastic rocks at Gunung Grati in Probolinggo and Gunung Gansir in Bangil, contains dominant olivine and plagioclase minerals. This breccia rock is related to that of the upper Lusi stratigraphy [1, 4] , or similar with that the Pleistocene Kabuh Formation in Central Java. It seems that the similarity of the combination between volcanic and argillaceous sedimentary materials typically forms the rocks of mud volcanoes in Central and East Java. Interestingly, since the Kendeng depression zone is located at the back of volcano complexes, thus to some extent, these may contribute consequences to the zone, as the Lusi mud volcano case [10] . Accordingly, as they show similar geological features, rocks of all mud volcanoes are most probably to develop within the same depression zone and similar activity of marine volcanism in during the Plio-Pleistocene period.
Samples and methods
Four sets of mud samples were taken from the Lusi mudflow site at the east of the crater. The location was considered as the most undisturbed part around the site at the time, as a large amount of mudflow has already been dredged from the site to the Porong River since 2010 [9] .
Mud samples were manually drilled from two drilling points: R1 (E 07 0 (Figure 3 ). Each sample was retrieved from every 0.2 m depth down to the drilling holes of 2.0 m. Fresh mud samples were also taken from mud channels near the drilling points, FMR1 and FMR2, in which fresh mud was flowing from the crater into the east pond. A series of laboratory tests were conducted including major oxide and rare earth element geochemistry and clay structure studies for the mud samples and isotope analysis for the water samples. Mud samples for clay structure observations were taken from the pond using a bucket, then they were airy dried for several days prior to cutting for the preparation for scanning. A scanning electron microscope (SEM) was used for the observation with a series of magnifications from 600 x to 20,000 x. For geochemical analyses, airy-dried mud bulks were powdered using a rubber hammer; then the mud powder was sieved through no. 200 sieve, or the ASTM E-11 standard mesh size of 75 microns. The atomic absorption spectrometry (AAS) method was applied for major oxide analyses and the Neutron Activation Analysis (NAA) method was used to measure rare earth elements contents of the mud samples. Both analyses were carried out at the laboratories of the Indonesian Atomic Agency (BATAN).
Isotopic VSMOW analyses were conducted on water samples taken from the Lusi site and its surrounding. For the analysis, a mass spectrometry was used to measure the isotopes of oxygen-18 (δ 18 O) and hydrogen-2 (δ 2 H). The goal of the test was to investigate the environmental origin of the water.
Results and discussions

The Lusi mud
Grey mud materials were mostly retrieved from the drilling holes of R1 and R2 ( Figure 4 ). The drilling holes were divided into four layers. The first layer (surface to 0.2 m) contained dry brown clay mixed with basaltic igneous rock grains and white broken shells. Then, the second layer Igneous rock grains found within the mud might come from coarse sandstone and breccia formations. According to the Lusi stratigraphy [1] , these materials could possibly be from the first interval. These typical coarse grain materials are also found within the rocks of three paleo-mud volcanoes in East Java. As discussed earlier, andesitic and basaltic igneous rock materials formed fragments within pyroclastic breccia, such that might be part of mud breccia consequences in mud volcanism [17] .
The geochemistry of clay fraction of this grey mud is dominated by SiO 2 and Al 2 O 3 with an average of 50% and 17% in weight, respectively. Some other major oxides are also relatively high, including Na 2 O and K 2 O, with a ratio of Na 2 O/K 2 O of greater than 1.2. As shown in Table 1 , the oxide contents of the Lusi mud indicate smectite-rich clay. As suggested by Mazzini et al. [1] , the mud could be coming from either a volcano-clastic source layer or mixing with material from the smectite-rich interval (1341-1432 m) on the way to the surface.
Water geochemistry and isotope
Water geochemistry
The geochemistry of the Lusi water is dominated by Na and Cl elements of up to 9,465 and 17,288 mg/L, respectively; while the concentration of Ca is higher than that of Mg, which is over 1,200 mg/L. Such a high concentration may suggest that the water is not from the surface or seawater intrusion, but it is possibly from a paleo-water deposit formation of marine environment [3] . The Na and Cl concentrations, however, reduced for about 25 and 32%, respectively, in the period of 2007-2013 ( Table 2 ). The reduction might occur after the peak eruption reached in the period of June-September in 2009, since then the viscosity of the mud changes, and more fluids are erupting to the surface than solids [9] . Water geochemical results are consistent with data provided by Mazzini et al. [1] , who suggested that the Lusi water might be a mixture of deep and shallow fluids.
The pH values of the Lusi water are in neutral conditions, although, the water has already been heated. The pH values of the Lusi water are similar with that of fresh waters around the Lusi site (Tables 3 and 4) , which fall in the range of 6.08-7.95. The highest pH value for the Lusi water is 7.95, close to that of Carat located at the Arjuno-Welirang Complex.
The lowest pH value is, however, shown by waters taken from Siring Barat, which is 6.08. This slight acid water might be influenced by the heat condition of the location. Siring Barat is located at the west of the Lusi site, which was the hottest location outside the Lusi, as a lot of hot bubbles were found at the location at the time [13] . The isotopic contents of waters may support the argument, (SB-1 and SB-2 in Table 6 ).
However, in general, the neutral water of the Lusi was consistent during the period of 2007-2013. Waters taken from Kalang Anyar also revealed this condition, but those at Gunung Anyar showed a different pH value. The pH values of both paleo-mud volcanoes in Surabaya were 7.50 and 8.62, respectively, [13] .
Water isotope
The isotopic compositions of δ 18 O and δ 2 H for the Lusi water are from +2.75% to +10.11% , and from −2.7% to −20.5% , respectively (Table 5) ; and those for fresh waters collected from the surrounding area are from −13.05% to +2.9% , and from −81.2% to −3.4% , respectively, ( Table 6 ). The differences in the isotopic values could be due to the differences in water sources. The Lusi water may be issuing from deeper sources, and it is possible from a limestone rock formation at the depths of more than 3000 m [3] ; whereas, the fresh water is coming from shallow sources. At depths of more than 1700 m the Lusi water was formed by the diagenetic modification and dilution of seawater, enriched in the isotopic contents of δ 18 O and depleted in the isotopic contents of δ 2 H; then at shallower formations (<900 m) the Lusi water was possibly added with meteoric water [1] . In Figure 5 , a meteoric water line is drawn to differentiate between meteoric and formation waters. The δ 18 O values of the Lusi waters are far away from the meteoric water line, and they are concentrated on the area of formation water; whereas those of the fresh waters are concentrated along the meteoric water line. Due to the anomalies in the isotopic contents, the Lusi water should be heated at a very deep source [13] , although it may not be necessary a direct volcanic source [1] . The Lusi water is enriched with neutral pH chlorides (Table 3) , and depleted in K and Mg (Table 2) . Thus, it seems that the depletion of K and Mg reveals the influence of heat in the water adsorbed within the Lusi smectite clay, since the K/Na geothermometer is usually used as a heat tracker [13] .
REE content and clay structure
Rare earth element analyses were conducted on 24 mud samples taken from the Lusi site. The concentrations of fourteen rare earth elements can be seen in Tables 7 and 8 . The REE concentrations of the Lusi mud are substantially high. Commonly, the light REE (LREE) concentrations, (La, Ce, Pr, Nd, Sm, Eu, and Gd), are higher than that of the heavy rare earth elements (HREE), (Tb, Dy, Ho, Er, Tm, Yb, and Lu). The highest concentration is for La with 78.18 mg/kg, while the lowest concentration is for Lu with 0.18 (Table 8 ). High concentrations of the REE are consistent with previous results [18] . High REE concentrations may be influenced by two factors: temperature and clay structure [12, 20] . The initial temperature of the Lusi mud was 100 ∘ C measured directly on the surface. Mazzini et al. [1] used this temperature and assumed a geothermal gradient of 42 ∘ C/km to calculate the mud source temperature, which resulted in a temperature of 100-140 ∘ C at the depths of 1700-2667. While, Zaennudin et al. [13] used the isotope δ 13 C of CO 2 and CH 4 gasses released to the surface to calculate a temperature of 125 ∘ C at the depth of 2800 m. Some data of the isotope δ 13 C can be seen in Table 9 , and detailed data can be found in Mazzini et al. [10] . Since the current surface temperature of the mud is still consistently high, of about 60 ∘ C, the temperature seems to some extent to play an important role in the REE abundances. Formation water
Metamorphic water M e t e o r i c w a t e r l i n e Magmatic water Figure 5 : Correlation between the isotope oxygen-18 (δ 18 O) and the isotope hydrogen-2 (δ 2 H) of waters. A meteoric water line is drawn to differentiate between waters from the Lusi and fresh waters from the surrounding area. Water criteria are due to Hoefs [19] , and the Lusi waters are included into formation water criteria.
The clay structure seems, however, to be the most important factor in the Lusi REE concentration, in which the porous smectite structure of the Lusi mud is ideal for trapping rare earth elements. The XRD analysis conducted by the USGS [17] shows that the clay fraction of the Lusi mud was dominated by smectile, illite and mixed smectite and illite over kaolinite and chlorite minerals (Table 10 ). The REE is commonly adsorbed within this type of clay structure [14] . This could mean that the Lusi mud could develop a tank for the REE abundances within its structure.
Commonly, the structure has a combination of one sheet of octahedral alumina and two sheets of tetrahedral silica weakly bonded by potassium ions [21] . The SEM photograph of the enlargement of 20000 x shows that the Lusi mud structure has the gap among sheets of 2 µm, the thickness and width of each sheet of 0.05 µm and 5 µm, respectively ( Figure 6 ). This structure results in porosity of about 30%, previous suggestion was 25% [8] . The proportion of clay fraction and grain of 81.5 and 18.5% may contribute to this porosity. Such porosity may correspond to the sedimentation process of the mud that had a depositional rate of about 2.48 m/ka [1] . This rapid process may consequence in a combination of fine and coarse grain materials, forming a typical bookhouse assemblage [21] , so that structure is suitable for the mud to adsorb the REE. Having two factors controlling the REE concentration of the Lusi mud, however, the REE abundance may also depend on rock type [11] . The Lusi mud is part of the Upper Kalibeng Formation that comprises volcano-clastic argillaceous rock types [3] . The Lusi mud is a shale rock type that contains highly SiO 2 , Al 2 O 3 and K 2 O. This type of rocks is usually more enriched in the REE [22, 23] compared to arenaceous rock types [24, 25] . So, this may be the case that the LREE is found to be abundant within the Lusi mud [26] [27] [28] .
REE and eruption sequences
In chondrite [29] normalized diagrams, the REE concentrations of the Lusi mud are far above the chondrite (Figure 7) . Being enriched in the LREE, the mud of a shale rock type commonly has a slight HREE enrichment and negative Eu anomaly [26, 30] . The REE enrichment may be dependent on the minor mineral assemblages and the sedimentological factor controlling the assemblages [26] .
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Figure 6: SEM photographs show silica and alumina sheets of the smectite structure of the Lusi mud. The structure is reasonably porous, as the gap between a pair of combined sheets is up to 2 µm. When the REE concentrations of the Lusi mud are correlated to those of the drilling log in Figure 4 , the REE concentrations slightly change with respect to depth. The REE concentration at the depths below 1.2 m is higher than that at the lower depths (Figure 7) . The changes in the LREE concentrations seem to be more significant compared to that of the HREE. Moreover, the Lusi mud within the ponds may correlate to the eruption sequences [9] , so does the REE concentration. The mud of the initial eruption, below the depths of 1.2 m deposited before October 2010 [9] , has relatively higher REE concentrations compared to that of the current eruption. The changes in the REE concentration due to the eruption sequences might be slight, however, there is a general decrease trend in the REE concentration from the initial to the current sequence. Being the highest reduction of the Lu elements of up to 50%, the reduction seems to reflect the decreasing clay mineral abundance within the mud, since the current mud has more granular contents compared to that of the early stage mud. The granular mud is presumably coming from the shallower depths, probably from the depths of less than 900 m, since the rocks at these depths comprise sandy materials [1, 3] . So, increasing sandy material contents within the Lusi mud toward the surface of the ponds may be to some extent responsible in the reduction of the REE concentration. The more grainy the mud, the less the REE enrichment [14, 26] , as the reduction may be associated with quartz contents [14] .
REE environment
As expected, the alumina-silicate mudrock of the Lusi has characteristically similar REE concentrations of shales [14, 26, 31, 32] . For comparison, the North American composite shale (NACS) is commonly considered as typical REE abundances, particularly enriched in the LREE [14, 26, 31] . The other typical shale of the post-Archean average Australian sedimentary rocks (PAAS) also shows a similar enrichment [30, 31] .
Shales are generally taken to indicate that finegrained sedimentary material is efficiently mixed during weathering, erosion and transport, so the REE abundances of shales may represent the REE contents of the upper continental crust [14, 26] . The lower HREE concentration compared to the LREE may represent the difficulty of the HREE to form soluble complexes [14] , so the concentration may depend on the localized input of volcanic materials, perhaps on K-enrichment [31] .
The REE contents of shales are usually normalized with the NASC [26] , or PAAS [31] to show the patterns, and Figure 8 shows the comparison. Both graphs show a similar pattern that the general pattern of the normalized REE by the NASC and PAAS exhibits the depletion in the LREE, and a slightly negative slope shown from La to Lu for all samples. The depletion in the LREE is commonly dependent on the rock type, and the anomaly behavior of the Ce and Eu elements could indicate the environment of the REE abundances [11] . Figure 8 : Patterns of normalized REE: (a) NASC-normalized REE [26] ; (b) PAAS-normalized REE [30] .
The analysis of the Ce and Eu anomalies follows the linear interpolation of the shale-normalized Ce and Eu, Ce N /Ce N * and Eu N /Eu N * [33] ; rather than the chondritenormalized REE [31] . In Figure 8 , the graphs show moderate Ce anomalies that are between 0.48 and 0.67, 0.37 and 0.50; which result in the average Ce anomalies of 0.59 and 0.43 for the R1 and R2, respectively. As the Ce anomaly represents oxidation conditions [14, 22] , the less negative Ce anomaly, the more oxiding condition [32] . These moderate Ce anomalies suggest that the Lusi mud might develop in a deep ocean basin that had less oxidation conditions, which could be an ocean-basin floor environment [33] .
Similarly, the Eu abundances show less negative anomalies, compared to the Ce, which are 0.53-0.97. Commonly, the Eu element occurs in a stable chemical form [11] , and the Eu anomaly reflects the deficiency of the element in the upper crust [22] . The Eu anomaly may correlate to the feldspar mineral enrichment within the earth crust, and it becomes increase in more felsic-feldspar, then decrease in mafic mineral enrichment [34, 35] .
The Eu anomaly may also be influenced by complexing agents [11] ; but, as the Lusi mud is rich in chlorides, the Eu anomaly may indicate stable chemical fractionation in rock formation rather than in water-rock interaction. The negative Eu pattern of the Lusi mud does not really show a typical "gull wing" as shown by the geothermal hot waters from the Taupo volcanic zone in New Zealand [20] . The slight negative anomaly of Eu might be correlated to the second phase of heat activity, which could mean that the host rock is hot igneous rocks [13] , but it is not necessary a magmatic rock. This case has been investigated for metamorphic rocks and shales near a geothermal field in Turkey, in which the temperature controls over the REE abundances in liquid and vapor phases of heated fluids, as at a temperature of over 145 ∘ C the REE becomes volatile and emission associated with geothermal activity [36] . However, such a case seems not to occur in the Lusi, the hot mud might have a temperature of over 175 ∘ C at the depth of 900 m [1] , the neutral-chloride hot water hardly to contain the REE. One of many factors controlling the REE mobility, pH is the major factor, that under acidic conditions, the REE is easily removed from clays but under neutral or alkaline conditions the REE becomes fixed [14, 20] . Thus, considering the Lusi case, the REE mobilization may occur during weathering but is unlikely to be significant during transport [14, 27] . Seemingly, the negative Eu anomaly shows a typical Eu pattern of shales (Figure 8) , that weathering processes of such rocks may contribute in the REE abundances [14] . The REE was mobilized during alteration processes, such that caused the argillaceous shales become enriched in the REE concentration [27, 28] . The processes might take place within the ocean-basin floor [33, 36, 37] , which is consequently ideal environment for the Lusi shale to form the REE.
The current results are, although, of a preliminary investigation into REE contents, they have shown a further step in understanding the Lusi mud environment. The investigation certainly requires a continuous time series research to ensure that the availability of rare earth elements within the Lusi mud is consistent. Geological data show rock type relevancies of being typical marine shale rock types of mud volcanoes in Central and East Java.
Conclusions
Erupted hot mud in Sidoarjo, East Java, contains coarse igneous rock grains and fine rock materials. Particularly, clay fraction of the mud is made of the smectite clay mineral dominated by silica and alumina oxides to form a bookhouse assemblage. The porous structure of a typical shale rock is ideal for trapping mobilized rare earth elements, mostly the light rare earth element (LREE). Besides clay structure, temperature to some extent plays an important role in the REE abundances of the Lusi mud. The moderate Ce and Eu anomalies of the REE patterns strongly indicate a deep sea-floor environment. So, the most probable scenario of the REE fractionation is during the shale rock formation that weathering processes enriched the Lusi mud with the REE, rather than that of the hot water-rock interaction of a geothermal system. This is due to the isotopic contents of the Lusi hot water that the neutral chloride water may hardly contain the REE.
Correlation between the Lusi and paleo-mud volcanoes in Central and East Java supports the scenario that the Lusi mud volcano is part of deep rapid depositional marine activities. Rocks of the combination between volcano-clastic and marine fine materials form characteristically rock materials of mud volcanoes located in the Tertiary Kendeng depression zone. Such combination may typically be part of mud breccia significances in mud volcanism.
